M AT T H I A S P. M AC H N E R & G I S E L A STO R Z
W hat happens when bacteria encounter or enter host cells? How does each of the species respond, the bacteria to survive in their new environment and the host cells to either tolerate non-harmful bacteria or defend against pathogenic ones? To answer these questions, it is imperative to understand how gene transcription in both cells changes during the encounter. Over the years, approaches applied to this problem have ranged from in vivo geneexpression technology 1 to sequencing the full complement of bacterial or host-cell transcripts 2, 3 (the transcriptome). However, such analyses have largely focused on messenger RNAs and have profiled either the bacteria or the host, not both at once. In this issue, Westermann et al. 4 (page 496) go beyond the individual organisms by using dual RNAseq, an approach that simultaneously profiles bacterial and host transcriptomes throughout the course of an infection.
The RNA-seq method takes advantage of the ever-increasing depth of sequencing (the number of reads for a particular sample) now possible. Westermann et al. first assessed whether the dual RNA-seq approach accurately reflected known gene regulation in human HeLa cells and in the bacterium Salmonella enterica serovar Typhimurium (hereafter Salmonella), a common cause of food poisoning, during infection. The authors' data confirmed that, as previously reported 5 , transcription of invasion-related genes in the genomic region known as Salmonella pathogenicity island 1 (SPI-1) was reduced after bacterial internalization, whereas transcription of SPI-2 genes, which promote intracellular survival, increased.
Having validated the sensitivity of the approach, Westermann et al. focused on mRNAs and regulatory RNAs whose expression changed during the course of the 24-hour infection. In bacteria, small regulatory RNAs (sRNAs) that base-pair with target mRNAs to modulate the mRNA's stability or translation are integral to a wide range of stress responses, including the response to host cells 6 . Thus, the authors were intrigued by an 80-nucleotide sRNA, which they denoted PinT, whose expression was highly induced during infection, and which was activated by the bacterial PhoP/Q system, known to be crucial for Salmonella survival in the intracellular environment.
A striking finding of the dual RNA-seq analysis was that tens of bacterial and hundreds of host-cell transcripts were affected merely by the presence or absence of PinT (Fig. 1) . On the bacterial side, overproduction of PinT led to reduced levels of the mRNAs encoding SopE and SopE2, two SPI-1 effector proteins that mediate host-cell invasion by Salmonella. These mRNAs were elevated in strains lacking the pinT gene. By mutating the pinT, sopE and sopE2 sequences, the authors revealed that the inhibitory effect of PinT occurred through direct base-pairing with the mRNAs. Dual RNA-seq also revealed a role for PinT in repressing SPI-2 genes later in infection. However, control of these genes was indirect and occurred through PinT basepairing with the mRNA that encodes the cyclic AMP receptor protein (CRP), an activator of transcription of SPI-2 genes. These data indicate that PinT, on bacterial internalization, controls the temporal expression of both SPI-1 effectors and SPI-2 virulence genes, thus facilitating the bacterium's transition from an invasive state to a state of intracellular replication.
Westermann et al. then compared the transcriptomes of the host HeLa cells challenged with either wild-type Salmonella or a strain lacking PinT. They discovered numerous changes in cells infected with the PinT-lacking mutant, including altered levels of many long non-coding RNAs (lncRNAs), hyperactivation of mitochondrial genes, increased abundance of mRNAs for proteins involved in innate immune pathways (such as the interleukin-8 mRNA) and accelerated activation of SOCS3, a protein that regulates the inflammatory JAK-STAT signalling pathway. The last finding is of particular interest, because properly balanced JAK-STAT signalling is essential for found that a small regulatory RNA expressed in Salmonella, which they name PinT, induces this repression by base-pairing with the sopE and sopE2 messenger RNAs. PinT also base-pairs with the mRNA that encodes CRP, a protein that activates transcription of genes encoding SPI-2 proteins. This repression is reduced later in infection, allowing the SPI-2 proteins to regulate the bacterium's intracellular growth.
The authors also observed differences in host-cell transcripts when the cells were infected with Salmonella mutants lacking PinT, including altered levels of long non-coding RNAs (lncRNAs) and the mRNA for SOCS3. This suggests that PinT targets other bacterial genes that influence host-cell gene expression. optimal Salmonella infection. Too little inflammation reduces the ability of Salmonella to compete with the intestinal microbiota, whereas too much inflammation might result in the bacteria being killed by the host [7] [8] [9] . The dual RNA-seq approach of simultaneously interrogating the bacteria and host transcriptomes gives unprecedented insight into the dynamic RNA-expression landscape during the bacterium-host interaction. This method is particularly useful for analysing genes such as pinT that, when deleted, cause little or no detectable change in standard bacterial virulence assays, but nevertheless have a strong impact on mRNA levels. The authors' study of PinT, however, also demonstrates some of the ongoing challenges in studying bacterium-host interactions. For example, although the effect of PinT on host gene expression such as JAK-STAT signalling is interesting, it remains unclear which PinTcontrolled bacterial gene(s) are responsible. In addition, it has become evident that there is substantial variation in gene expression even between individual bacteria in singlespecies cultures; these differences are not captured by approaches in which cell samples are sequenced in bulk.
Finally, although dual RNA-seq eliminates the need to separate bacteria from the host cell for investigation, a comprehensive transcriptome analysis over the course of an infection still demands the analysis of a series of time points in short succession. Westermann 
ince the discovery of the first globular cluster in 1665, these large, ancient agglomerates of stars -which can host up to a million suns -have fascinated both astronomers and the public. They are visible through small telescopes, and their exquisite spherical symmetry singles them out in the sky and makes them easy to classify. However, their formation and evolution history is unclear. On page 502 of this issue, Li et al. 1 report observations of young star clusters that may help to crack the mystery of the oldest star clusters.
Globular clusters remain gravitationally bound as they orbit their host galaxy, on a timescale comparable to the lifetime of the low-mass stars they host. They are 10 billion to 13 billion years old -their age defines the boundaries of the age of the Universe. These well-studied systems were long thought to be simple and to host a single population of stars that all formed at the same time.
But in 2004, everything we knew about globular clusters changed radically. Using accurate Hubble Space Telescope photo metry 2, 3 , astronomers detected not one, but multiple stellar populations in ω Centauri, one of the most massive globular clusters in the Milky Way. Subsequent studies (see ref. 4 , for example) of other globular clusters confirmed that this was not an isolated finding but the discovery of a general feature that revolutionized our understanding of such objects. These stellar populations were shown to exhibit unique chemical properties that are not found in any other stellar environment 5 . This means that these clusters are not simple at all, and have experienced more than one star-forming event during their lifetime.
The exciting news 2,3 inspired different starformation models to account for the photometric and spectroscopic properties of the different populations hosted by single clusters. For example, colliding winds from late-stage, medium-mass stars or ejecta from fast-rotating massive stars were invoked as a trigger and/ or an origin of the processed material that fuelled the second generation of star formation. Astronomers also proposed an explanation based on a single generation of stars. They suggested that very-low-mass stars with protoplanetary disks -gas rotating around newly formed stars -could acquire the observed properties by sweeping up mater ial shed from interacting binary or rapidly rotating massive stars in a continual growth process.
However, most of these theories suffer from major issues 6 . Some of them imply a more massive original cluster than observed, with a substantial fraction of the original stars lost to the galactic halo. But this enhanced mass is in contrast to theoretical expectations for the dynamical evolution of these systems 7 and to observations of dwarf galaxies and of young massive clusters in our Local Group of galaxies 8 . The consensus in the community is that we urgently need alternative, innovative ideas to overcome the impasse.
Enter Li and colleagues 1 . The authors challenge the status quo by presenting observations of three massive clusters that are 1 billion to 2 billion years old in the Magellanic Clouds, members of our Local Group. The authors show clear evidence of a late burst of star formation that occurred a few hundred million (up to one billion, within the errors) years after the clusters' initial formation epoch. Multiple stellar population sequences are visible even in the authors' raw diagrams. The colours of the younger stellar sequences are consistent with an enhanced abundance of helium. This would be expected as a result of the chemical anomalies in globular clusters that are due to hydrogen burning at high temperature (helium is the main yield of hydrogen burning).
To explain the data, Li et al. propose that such clusters orbiting within the gaseous disks of their host galaxies could accrete sufficient gas reservoirs to form the next generation of stars. They suggest that this mechanism may
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The mystery of globular clusters
The discovery of multiple stellar populations -formed at different times -in several young star clusters adds to the debate on the nature and origin of such populations in globular clusters from the early Universe. See Letter p.502
